Introduction
The retinoblastoma protein, Rb, is encoded by a classic tumor suppressor gene that is mutated in a large variety of tumors. Extensive studies have suggested that Rb functions as a tumor suppressor by blocking cell cycle progression, although it has also been implicated in the regulation of dierentiation and development. It is now thought that Rb inhibits cell proliferation mainly by negatively regulating the transcription of certain genes that are required for cell cycle progression. Rb lacks a DNA binding domain and is tethered to promoters through its interaction with other sequence-speci®c transcription factors, such as members of the E2F family proteins. Rb binds the transcription activation domain of E2F and blocks its activity. More importantly, the Rb-E2F complex also actively represses transcription (i.e. inhibiting the activity of neighboring enhancer elements) on promoters that contain E2F sites. Assembly of such Rb-E2F repressor complexes on promoters is critical for Rbmediated growth suppression. Here, we review studies that address the mechanism of transcriptional repression by Rb, particularly in the context of chromatin structure regulation.
Rb and histone deacetylases
The formation of nucleosomes from chromosomal DNA and histone octomers, together with the further packaging of nucleosomes into chromatin, prevent the access of transcription factors to promoters and are often associated with genes that are transcriptionally inactive. Nucleosome formation is regulated by posttranslational modi®cation of the amino terminals of histones, which are exposed in the nucleosomal structure. The best studied of these modi®cations is acetylation/deacetylation (Hassig and Schreiber, 1997) . Acetylation neutralizes the positive charge on lysine residues in the histone tails, therefore leads to the disruption of nucleosome structure and`unwrapping' of chromosomal DNA which allows access of transcription factors. The enzymes responsible for the acetylation of histones, histone acetyltransferases (HATs), are associated with a number of transcription activators, and are thought to act as co-activators by disrupting nucleosome structure and thereby facilitating transcription machinery gain access to the promoter (Grunstein, 1997) . On the other hand, histone deacetylases (HDACs), which currently have eight family members, remove acetyl groups from histone tails and promote nucleosome formation. HDACs have been shown to associate with an increasing number of transcriptional repressors (Pazin and Kadonaga, 1997) .
Rb can repress the transcription of cell cycle genes (e.g. dihydrofolate reductase [DHFR] , thymidine kinase [TK], cyclin A, cyclin E, cdk2, cdc2) that contain E2F sites in their promoters (Dyson, 1998; Weinberg, 1995) . The repression of these genes has been shown to be required for Rb-mediated growth suppression . Studies on the mechanism of transcriptional repression by Rb revealed that Rb interacts with HDAC1, HDAC2 and HDAC3 (Brehm et al., 1998; Chen and Wang, 2000; Dahiya et al., 2000; Luo et al., 1998; Magnaghi-Jaulin et al., 1998) . The recruitment of HDAC by Rb can reverse histone acetylation at promoters and it correlates with repression of transcription (Luo et al., 1998) . Inhibiting HDAC activity using Trichostatin A (TSA) blocks Rb-mediated repression of certain genes. Among the genes that are regulated by the Rb-E2F repressor, those activated near G1/S transition (e.g. cyclin E, DHFR) appear to require HDAC activity for their repression during early to mid-G1, suggesting that functional HDAC is critical for Rb's ability to induce G1 arrest (Zhang et al., 2000) . Consistent with the idea that HDAC represses genes such as cyclin E, the HDAC-Rb complex has been shown to be disrupted by cyclin D/cdk4, which peaks near the end of G1. And, recent studies have demonstrated that HDAC1 interacts with the cyclin E gene promoter in G1, using chromatin immunoprecipitation (CHIP) assays (unpublished results).
Rb contains a so-called`pocket' region (which is comprised of A and B domains) that is conserved in p107 and p130, the other two members of the Rb family of pocket proteins. The pocket is both necessary and sucient for carrying out Rb's repressor activity. The crystal structure of the Rb pocket suggests that Rb utilizes several amino acid residues in the domain B of the pocket to make contact with the LXCXE motif found in many Rb-binding proteins, including HDAC1 and 2 . Viral oncoproteins such as adenovirus E1A and papilloma virus E7 contain the LXCXE motif, which is used to target Rb for its inactivation. E2Fs do not contain LXCXE and they interact with Rb through a distinct site from HDACs, allowing the assembly of an HDAC-Rb-E2F repressor complex on E2F sites-containing promoters (Brehm et al., 1998; Chen and Wang, 2000; Dahiya et al., 2000; Luo et al., 1998; Magnaghi-Jaulin et al., 1998) . In several recent studies, when amino acids on Rb that mediate LXCXE binding were mutated, it was found that the binding of such mutants to E1a and E7 was inhibited, while their binding to E2F and their ability to block E2F activity were preserved. There is, however, no clear consensus on whether those Rb mutants were able to bind to HDAC and to what extent their growth inhibition activity was compromised. In one study , LXCXEbinding mutants were no longer able to bind to HDAC1 and 2, and were defective in active repression; while transient overexpression of these mutants led to an increase in the percentage of cells in G1, they failed to cause growth arrest in longer-term assays. In another study, a similar mutant which did not bind to HDAC1 was found to be as eective as wild-type Rb in inducing growth arrest in Rb-negative cells, but the defect lied in its inability to establish an irreversible growth arrest in dierentiated myocytes (Chen and Wang, 2000) . The third report showed, however, similar Rb mutants were still able to bind to HDAC1, actively repress transcription and induce G1 arrest, despite impaired E7 binding (Dick et al., 2000) . Therefore, it remains unclear which aspects of Rb functions depend on HDAC interaction and whether Rb primarily uses LXCXE binding site to interact with HDAC. On the other hand, within each of these studies, the ability of these mutants to bind HDAC seems to correlate with whether they are fully active in growth suppression or maintaining dierentiation, which suggests the signi®cance of HDAC-Rb interaction in regulating cell proliferation and/or dierentiation, and implies that HDAC-Rb complex may be a target of viral oncoproteins during viral transformation.
Genetic studies also provide evidence linking Rb and HDAC. In C. elegans, LIN-35 and LIN-53 gene products antagonize the Ras signaling pathway in vulval precursor cells by repressing transcription of genes required for determination of vulval cell fates (Lu and Horvitz, 1998) . LIN-35 encodes a protein similar to Rb as well as p107 and p130, while LIN-53 encodes a protein similar to RbAp48, which has been shown to be a component of the Rb-HDAC complex in mammalian cells (Nicolas et al., 2000) . p107 and p130, also bind to viral oncoproteins and E2F. Like Rb, they can inhibit E2F-responsive promoters, actively repress transcription, and growth arrest cells when overexpressed (Dyson, 1998) . Both p107 and p130 have been shown to bind to HDAC, suggesting that the recruitment of HDAC is a common mechanism for repression by pocket proteins (Ferreira et al., 1998) . Recently, using CHIP assays, p130/E2F complexes were detected on several promoters with E2F sites; examination of the acetylation state of histones H3 and H4 on these promoters showed that H3 and H4 were hypoacetylated in quiescent cells but became hyperacetylated in late G1 and S phase, suggesting acetylation and deacetylation play a role in the regulation of these genes during cell cycle progression (Takahashi et al., 2000) .
Rb and SWI/SNF-like nucleosome remodeling complexes
In addition to regulating the acetylation state of histones in nucleosomes, another important mechanism for modulating chromatin structure is through ATPdependent nucleosome remodeling complexes (Kingston and Narlikar, 1999). Yeast SWI/SNF was the ®rst of these nucleosome remodeling complexes identi®ed. It consists of multiple subunits including SWI2/SNF2 ATPase that is essential for its activity. Other SWI/ SNF-like multi-protein complexes have also been isolated, and they each contain an ATPase that is central to their function. The human homologues of SWI2/SNF2 are BRG1 and hBRM, which together with various BRG1 associating factors (BAFs) form human SWI/SNF (hSWI/SNF). In vitro, SWI/SNF and its related complexes exhibit several dierent activities, they can use the energy from ATP hydrolysis to catalyze the interconversion between`closed' and remodeled' nucleosome structure; they can also change the relative positioning of nucleosomes on a DNA template and catalyze the transfer of nucleosomes from one DNA template to another (Lorch et al., 1999; Schnitzler et al., 1998) . It is still unclear which of these activities are present in vivo, but in vitro studies provide functional basis for SWI/SNF-like complexes to participate in both transcriptional activation as well as repression. This notion is supported by the results of a genetic study in which the disruption of yeast SWI2/ SNF2 led to transcriptional activation of one set of genes and repression of another set (Holstege et al., 1998) .
Rb, as well as p107 and p130, can interact with both BRG1 and hBRM (Dunaief et al., 1994; Strober et al., 1996) , and there is growing evidence suggesting that, in addition to HDAC, BRG1-containing nucleosome remodeling complexes are also required for Rb activity. Overexpression of BRG1 arrests cells that are de®cient in BRG1 and hBRM, and this arrest is dependent on interaction with functional Rb (Dunaief et al., 1994) . Expression of a dominant-negative form of BRG1 or hBRM containing a mutant ATPase domain blocked growth suppression by Rb (Dunaief et al., 1994; Strobeck et al., 2000b) . Expression of BRG1 is essential for Rb to arrest certain Rb(7) cells, such as C33a cells, which is also de®cient for BRG1/hBRM (Strobeck et al., 2000a; Zhang et al., 2000) . While expression of the CDK inhibitor p16INK4a, which prevents the phosphorylation/inactivation of Rb by CDK4, can induce G1 arrest in cells that contain functional Rb, such arrest is dependent upon BRG1 expression (Wong et al., 2000; Zhang et al., 2000) . These results support the notion that Rb is not functional in growth suppression in the absence of BRG1, which implies that BRG1 itself may be a tumor suppressor in the Rb pathway. Indeed, inactivating mutations of BRG1 have been detected in a number of tumor cell lines, and Rb was found to be wild-type in majority of them. Additionally, reintroduction of BRG1 into BRG1(7) cells reversed the transformed phenotype (Wong et al., 2000) . While Rb alone is capable of repressing a transiently transfected reporter, BRG1 is required for repression of the same reporter when it is stably integrated into the genome (Zhang et al., 2000) , it is therefore conceivable that Rb depends on BRG1 for its activity because of the requirement for chromatin structure remodeling when repressing endogenous genes. The functional relationship between Rb and BRG1 is also supported by genetic experiments. In Drosophila eye, a screen identi®ed alleles of osa, brahma and moria as modi®ers of a dE2F1 overexpression phenotype. Osa, brahma and moira encode proteins that are homologues of SWI1, SWI2 and SWI3, respectively, suggesting that SWI/SNF-like chromatin remodeling factors are important for dE2F1/RBF function in¯ies (Staehling-Hampton et al., 1999) .
Interplay between histone modifying enzymes and ATP-dependent nucleosome remodeling activity in transcription repression
Although BRG1 contains the LXCXE motif, it does not seem to require this sequence to bind Rb, which allows Rb to recruit BRG1 and HDAC1 into a single repressor complex Zhang et al., 2000) . This raises the issue about the signi®cance of having dierent classes of proteins that regulate chromatin structure (i.e. enzymes such as HDACs and HAT that modify histone tails and ATP-dependent protein complexes such as SWI/SNF that remodel nucleosomes) in one complex. Results from some recent studies provide evidence for the functional interplay between HDAC/HAT and SWI/SNF-like complexes.
Yeast SWI/SNF is required for transcriptional activation of HO gene (Cosma et al., 1999) . Recruitment of SWI/SNF to the HO gene promoter precedes that of histone acetyltransferase SAGA, suggesting that SWI/SNF may be needed to remodel nucleosomes in a manner that permits binding or function of SAGA, which then acetylates histone tails and`®x' nucleosomes in an active state that is accessible to other transcriptional activators. Since many transcription activators interact with the p300/CBP coactivator, which has HAT activity, recruitment of SWI/SNF-like complexes in the presence of those factors would be associated with transcriptional activation, and SWI/ SNF would be required for the full activity of those factors. On the other hand, nucleosome remodeling complexes may also be needed for HDAC activity. For example, the NURD complex contains both ATPdependent nucleosome remodeling activity and histone deacetylase activity, its HDAC activity is stimulated by ATP on nucleosomal templates (Brehm et al., 1999) , suggesting that ATP-dependent nucleosome remodeling somehow facilitates histone deacetylation and therefore may contribute to transcriptional repression. One mechanism may be that nucleosome remodeling helps repressors gain access to chromatin. Alternatively, because SWI/SNF not only catalyzes the disruption of nucleosome structure, but also the reverse reaction in vitro (Schnitzler et al., 1998) , SWI/SNF may promote the oscillation of nucleosomes between closed (repressed) and remodeled structures. For promoters that have access to abundant transcription factors that recruit HATs, simple removal of acetyl groups by HDAC might not be sucient to keep them in a repressive state, unless SWI/SNF-like complexes convert nucleosomes into their closed con®gurations. Both possibilities are consistent with the observation that BRG1 is required for HDAC-Rb to repress transcription of cyclin E gene (Zhang et al., 2000) . Therefore, it is possible that SWI/SNF-like activity is required globally for the interconversion between dierent nucleosome structures or the maintenance of chromatin uidity, whether it participates in transcriptional activation or repression depends on the balance between other co-activator or co-repressor activity (such as HAT and HDAC) in the vicinity of SWI/ SNF on speci®c promoters. A recent study provides further evidence for the cooperation between ATPdependent remodeling factors and HDACs in mediating transcriptional repression. Yeast Isw2, which is a member of another class of ATP-dependent chromatin remodeling complex, ISWI, can repress transcription of early mitotic genes by inducing nuclease-inaccessible chromatin structure, and it synergizes with histone deacetylase complex Rpd3-Sin3 to achieve full repression (Goldmark et al., 2000) .
Roles of distinct Rb repressor complexes at dierent phases of the cell cycle
What is then the speci®c role of HDAC and BRG1 in transcription repression mediated by Rb? Some results suggest that distinct Rb-containing repressor complexes may target dierent set of genes that are normally expressed in dierent phases of the cell cycle. One study showed that the HDAC-Rb-BRG1 complex appeared to be required to inhibit the expression of genes like cyclin E which are normally repressed until the end of G1, and the presence of this repressor complex prevents S phase entry (Zhang et al., 2000) . Phosphorylation of Rb by cyclin D-cdk4/6 disrupts the HDAC-Rb interaction, thereby relieving repression of the cyclin E gene and allowing cells to move from G1 into S phase. However, the BRG1-Rb interaction is not aected by cyclin D/cdk4 and it was proposed that the remaining Rb-BRG1 complex maintains repression of the cyclin A and cdc2 genes until S phase, when cyclin E/cdk2 activity accumulates to a high enough level to inhibit Rb-SWI/SNF function. Phosphorylation by cyclin E/cdk2 has been shown to change the conformation of Rb pocket, which is required for Rb-BRG1 interaction (Harbour et al., 1999) ; BRG1 and BAF155 have also been shown to be directly targeted and inactivated by cyclin E/cdk2 (Shanahan et al., 1999) . This model is consistent with the observation that BRG1 is required for Rb-HDAC to repress cyclin E gene, but HDAC is not required for Rb-BRG1 to repress cdc2 and cyclin A (Zhang et al., 2000) . In addition, Rb/E2F is linked to cyclin B/cdc2 by another study. The anaphase promoting complex (APC), which causes the ubiquitin-mediated degradation of cyclin B, remains active in cells that are in S phase (Brandeis and Hunt, 1996) . APC depresses the level of cyclin B until cyclin A/cdk2 phosphorylates the cdh1 subunit of APC, blocking its ubiquitin ligase activity. This in turn allows the level of cyclin B to increase near the end of S phase, which is required for entry into mitosis. This process was shown to be regulated, at least in part, through transcription of the cyclin A gene by Rb/E2F (Lukas et al., 1999) . Together, the results thus far suggest that Rb's interactions with HDAC and BRG1, and their dierential regulation by cyclin D/cdk4 and cyclin E/cdk2 ensure sequential accumulation of the key cell cycle regulators, cyclin E, cyclin A and cyclin B/cdc2 during the cell cycle. However, it is worth noting that these studies were done in tumor cell lines and relied on overexpression of Rb, HDAC and BRG1. Thus, it remains to be con®rmed that these genes are indeed the physiological targets of various Rb-containing repressor complexes. To test whether cell cycle genes are regulated as proposed in the above model, the assembly of endogenous repressor complexes on promoters of various cyclin genes at dierent stages of the cell cycle needs to be established using approaches such as CHIP assays with endogenous levels of repressor proteins.
Rb and other co-repressors
The results discussed above point to a mechanistic dierence between the Rb-mediated repression of the cyclin A gene and the cyclin E gene: repression of the cyclin E gene appears to require HDAC, whereas repression of the cyclin A gene does not. Repression of both genes requires SWI/SNF activity, but it is unclear whether having only the ATPdependent remodeling complex is sucient for the repression of genes such as cyclin A and cdc2. In other words, it remains to be determined whether a BRG1-Rb complex can induce a nucleosome conformation that is directly responsible for repression, or whether its role is to provide nucleosome¯uidity that other HDAC-independent co-repressors, some which are described below, can utilize to repress transcription.
Other than HDAC and BRG1, Rb can also interact with other co-repressor proteins such as RBP1, HBP1, CtIP/CtBP, and DNMT1. CtIP binds to Rb as well as p130, its repressor activity requires a PLDLS sequence, which mediates interaction with CtBP (Meloni et al., 1999) . The Drosophila homologue of CtBP is a transcriptional co-repressor for Hairy, Knirps, and Snail (Nibu et al., 1998) . RBP1 is another pocket-binding protein that has transcriptional repressor activity, inhibits E2F transactivation, and suppresses cell growth when overexpressed (Lai et al., 1999b) . RBP1 contains two repression domains, one of which binds HDAC whereas the other domain appears to function independently of HDAC. Thus, it is possible that RBP1 may recruit HDAC to the Rb pocket for HDAC-dependent active repression, and it may also mediate HDAC-independent repression using the second repression domain (Lai et al., 1999a) . HBP1 is a transcriptional repressor belonging to the HMG family of proteins. It has two LXCXE sequences and it has been shown that interaction with either Rb or p130 is required for its repression of the N-MYC promoter (Tevosian et al., 1997) . Methyl-CpG-binding proteins have been shown to bind and recruit HDACs, therefore linking methylated DNA and hypoacetylated histones, both associated with repression (Jones et al., 1998; Ng et al., 1999) . Recently, DNMT1, the predominant mammalian DNA methyltransferase, was co-puri®ed with Rb, E2F1, and HDAC1. DNMT1 cooperates with Rb to repress transcription from promoters containing E2F-binding sites (Robertson et al., 2000) . It is still unclear whether or how these co-repressor proteins impact chromatin structure, what their functional relationship is to each other, and what their physiological target genes are. Further experiments, especially ones done in primary cells and do not rely on overexpression systems, are needed to address these questions.
Summary
There is mounting evidence that interaction with chromatin-modifying co-repressors is important for the regulation of cell cycle progression by members of the Rb family. It appears that distinct remodeling complexes may be responsible for regulating activity of dierent subsets of cell cycle control genes. Experiments designed to further examine this notion and to use model genetic organisms to study Rb and E2F family function should provide additional evidence about molecular mechanisms through which these families regulate cell cycle progression.
